Introduction
============

*O*-GlcNAcylation (*O*-linked β-*N*-acetylglucosaminylation) is a post-translational modification that reversibly modifies proteins present in the cytosol, the nucleus and the mitochondria.^[@bib1],\ [@bib2],\ [@bib3]^ Two enzymes control the *O*-GlcNAcylation cycle. First, the *O*-GlcNAc transferase (OGT, uridine diphospho-*N*-acetylglucosamine:polypeptide β-*N*-acetylglucosaminyltransferase or *O*-GlcNAc transferase) transfers the *N*-acetylglucosamine residue onto target proteins. Second, the *O*-GlcNAcase (OGA, *N*-acetyl β-glucosaminidase or *O*-GlcNAcase) removes the GlcNAc residue.^[@bib4]^ OGT (EC. 2.4.1.255) is assigned to the GT41 family in the CAZY (carbohydrate-active enzyme) database^[@bib5]^ and is found in all living beings (animals, plants, protists, bacteria, viruses) except in yeasts, in which its expression remains controversial. OGT participates in many fundamental cellular processes including cell cycle.^[@bib2]^ Our group previously showed that hormonal stimulation of physiologically G2-blocked *Xenopus laevis* oocytes triggered a quick increase in *O*-GlcNAcylation levels and that inhibition of OGT impaired G2/M transition.^[@bib6],\ [@bib7]^ In parallel, Slawson *et al.*^[@bib8]^ observed that OGT localized to the mitotic spindle and midbody during mitosis and that its overexpression resulted in supernumerary chromosomes. Later, the same authors showed that both OGT and OGA physically interact with Aurora B and PP1 to regulate the stability of the midbody and the phosphorylation and/or *O*-GlcNAcylation of vimentin at M-phase.^[@bib9],\ [@bib10]^ Finally, it was observed that OGT expression and *O*-GlcNAcylation reached a maximum level at the M-phase of the cell cycle.^[@bib11]^ Taken together, these studies show that OGT and *O*-GlcNAcylation in general are needed for germ cells meiosis and somatic cell mitosis. However, to our knowledge, there is no report focusing on the expression and activity of OGT during cell cycle entry (G0/G1). Here, we describe that following serum stimulation, OGT is significantly overexpressed. Blockade of OGT delays serum-stimulated cyclin D1 synthesis and cell proliferation. OGT silencing also prevents cyclin D1 expression and diminishes PI3K and MAPK activation. These are the first results demonstrating that OGT is indispensable for G0/G1 transition.

Results and Discussion
======================

OGT and OGA is a couple of non-redundant enzymes that controls *O*-GlcNAc cycling. Although much attention has been paid to OGT and although it has been described that this enzyme interferes with many crucial intracellular processes including cell cycle,^[@bib2],\ [@bib6],\ [@bib7],\ [@bib8],\ [@bib9],\ [@bib10],\ [@bib11]^ no study has focused on its expression and function during cell cycle entry.

OGT is upregulated upon stimulation of MCF7 cells
-------------------------------------------------

As described previously,^[@bib11]^ G0/G1 arrested MCF7 cells were stimulated by addition of fetal calf serum (FCS) and samples were collected at different times to assess OGT expression using western blot ([Figures 1a and b](#fig1){ref-type="fig"}). We observed a significant OGT increase (2.5-fold) 30 min after stimulation. FCS stimulation activated PI3K and MAPK pathways as attested by the use of antiphospho-Akt and antiphospho-Erk1/2 antibodies ([Figure 1a](#fig1){ref-type="fig"}). Cells treated with the protein synthesis inhibitor cycloheximide before stimulation did not show OGT increase in response to FCS ([Figure 1c](#fig1){ref-type="fig"}), indicating that protein translation is required to enhance OGT level. In parallel, OGT mRNA level, assessed by real-time PCR, remained unchanged 60 min post FCS treatment ([Figure 1d](#fig1){ref-type="fig"}). Thus, we conclude that OGT is regulated at the translational level shortly after addition of FCS. This is the first time that OGT induction is reported so rapidly after FCS treatment. Yang *et al.*^[@bib11]^ recently showed that, upon FCS stimulation, OGT levels increased during all the cell cycle, suggesting that OGT might have some oncogenic properties. This hypothesis was first proposed by Caldwell *et al.*^[@bib12]^ who reported higher hexosamine biosynthetic pathway activity and OGT levels in breast cancer cells, and demonstrated that interfering with the glycosyltransferase expression reduced tumor growth. Thus, OGT synthesis and activity may regulate fundamental factors involved in the control of the cell cycle.

β-catenin and OGT interact rapidly upon G1 phase entry
------------------------------------------------------

We and others have previously reported that the oncoprotein β-catenin, a major cell cycle factor, can be *O*-GlcNAcylated by OGT.^[@bib13],\ [@bib14],\ [@bib15],\ [@bib16]^ However, the role of this modification remained poorly understood. Studies performed on plakoglobin,^[@bib17]^ a member of the catenin family, showed that mutation of Thr14, an *O*-GlcNAcylated site close to the D-box that controls plakoglobin degradation, into alanine slightly increased plakoglobin stability. We also reported that β-catenin stability is regulated by the glucose status, the hexosamine biosynthetic pathway (which provides UDP-GlcNAc, the substrate for *O*-GlcNAcylation processes) flux and *O*-GlcNAcylation.^[@bib14],\ [@bib18],\ [@bib19]^ At last, RNA interference of OGA in the colorectal cancer metastatic cell line SW620 resulted in β-catenin overexpression.^[@bib20]^ Our hypothesis is that *O*-GlcNAcylation may serve as a protective signal for short half-life proteins such as β-catenin. Upon cell cycle entry, the expression of β-catenin continuously increases during G1 phase until it reaches a maximal level at G2/M transition.^[@bib21],\ [@bib22],\ [@bib23]^ To establish that this increase is due to *O*-GlcNAcylation, we investigated to measure the OGT interaction with β-catenin after addition of FCS to quiescent cells. First, we observed a concomitant increase of OGT and β-catenin as soon as 15 min after stimulation with FCS ([Figure 2a](#fig2){ref-type="fig"}, left panel). Co-immunoprecipitations performed under the same conditions showed that OGT and β-catenin interacted within minutes ([Figure 2a](#fig2){ref-type="fig"}, right panel) as soon as G0/G1 transition was triggered, as confirmed by phosphorylation of Erk and according to the β-catenin target gene cyclin D1 profile ([Figure 2a](#fig2){ref-type="fig"}, left panel). In this way, note that β-catenin transcriptional activity doubled upon FCS stimulation ([Figure 2b](#fig2){ref-type="fig"}) as attested by reporter gene analysis using TOP/FOP Flash constructs.

β-catenin is highly expressed and *O*-GlcNAcylated in response to FCS
---------------------------------------------------------------------

Total levels of exogenous β-catenin and its *O*-GlcNAcylated fraction were evaluated by western blotting in β-catenin-2XFLAG overexpressing HeLa cells that were either FCS-starved or starved and reincubated with FCS for 1 h ([Figure 2c](#fig2){ref-type="fig"}, left panel). As expected, the total amount of β-catenin was found higher in FCS-stimulated cells. Moreover, and similar to MCF7 cells ([Figure 1](#fig1){ref-type="fig"}), an increased OGT expression was observed in response to FCS. In accordance, we also showed that modification of β-catenin by *O*-GlcNAc was remarkably enhanced concomitantly to OGT induction ([Figure 2c](#fig2){ref-type="fig"}, right panel). This is consistent with our previous report demonstrating that endogenous β-catenin was stabilized by *O*-GlcNAcylation in a model of oocyte maturation (*X. laevis*).^[@bib13]^

Furthermore, β-catenin expression and *O*-GlcNAcylation levels were also compared in confluent and exponentially growing HeLa cells. [Figure 2d](#fig2){ref-type="fig"} shows that β-catenin protein was more abundant in proliferating cells than in quiescent cells. Strikingly, β-catenin was found *O*-GlcNAcylated in proliferating cells but not in quiescent one, suggesting that high level of β-catenin expression is dependent on *O*-GlcNAcylation.

Inhibition or downexpression of OGT impairs cell cycle entry
------------------------------------------------------------

Because FCS stimulation induced OGT expression, we then tested the effect of OGT deficiency on cyclin D1 expression. To this end, we inhibited OGT either at the transferase activity level, using the recently described compound Ac-5SGlcNAc,^[@bib24]^ or at the expression level, using RNA interference (siOGT). Treatment with Ac-5SGlcNAc resulted in a marked decrease of overall *O*-GlcNAcylation in response to FCS ([Figure 3a](#fig3){ref-type="fig"}). Furthermore, cyclin D1 did not accumulated following FCS addition as in control condition ([Figure 3a](#fig3){ref-type="fig"}). To know whether OGT controls the expression of other cyclins, and consequently is crucial for all steps of the cell cycle, we depleted asynchronous MCF7 of OGT through the use of siRNA ([Figure 3b](#fig3){ref-type="fig"}). We observed lower amounts of cyclin D1 and cyclin B1, corroborating previous findings,^[@bib6],\ [@bib7]^ in MCF7 transfected with siOGT when compared with siCtrl (universal negative control), whereas expression of cyclin E and cyclin A were unaffected. The same result was achieved by inhibiting OGT at the catalytic level ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Moreover, OGT silencing decreased the phosphorylated forms (active) of Akt and Erk1/2, the downstream effectors of the PI3K and MAPK pathways respectively, in asynchronous cells. In this way, longer time-course experiments showed that Ac-5SGlcNAc slightly delayed cell proliferation ([Figure 3c](#fig3){ref-type="fig"}). RNA interference of OGT also resulted in inhibition of FCS-induced cyclin D1 expression and in inhibition of PI3K/MAPK activation as observed above for asynchronous cells ([Figure 3d](#fig3){ref-type="fig"}). β-catenin expression remained similar in control and siOGT-treated cells. We next tested wortmannin, a PI3K inhibitor in FCS-stimulated cells ([Figure 3e](#fig3){ref-type="fig"}). We observed that reciprocally, inhibiting the PI3K pathway decreased FCS-induced OGT, and cyclin D1, expression, supposing a feedback loop between PI3K and OGT. To evaluate the impact of OGT silencing on the transactivation of genes responsive to the β-catenin/TCF/LEF complex, we performed a reporter gene analysis using the TOP/FOP Flash system in HEK293T cells ([Figure 3f](#fig3){ref-type="fig"}). Silencing OGT expression decreased by 50% the transcription activity of the β-catenin/TCF/LEF complex in this model. Analysis of β-catenin expression by western blot indicates that the transcriptional activity decrease correlated with a loss of β-catenin expression in FCS-induced HEK293T cells.

All together, our results indicate that OGT is a potent regulator of the cell cycle entry essential for FCS-stimulated cells to activate mitogenic pathways and to express cyclin D1. Thus, we propose that abnormal increase of OGT activity, which may occur in a context of nutrient excess that directly modulates the levels of the OGT substrate UDP-GlcNAc, would affect the cell cycle, as recently discussed by others.^[@bib12]^ In such a context, OGT could arguably exert some oncogenic effect, by allowing the cell cycle of the affected cells to bolt off.
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![Stimulation of starved MCF7 cells with FCS increases OGT level. (**a**) MCF7 cells were maintained in a Dulbecco\'s modified Eagle\'s medium supplemented with 10% (v/v) FCS, 2 mℳℒ-glutamine, 5 IU/ml penicillin and 50 μg/ml streptomycin at 37 °C in a 5% (v/v) CO~2~-enriched humidified atmosphere. Cells were stopped at G0/G1 using the FCS-starvation method.^[@bib11]^ Cells were FCS-starved for 48 h and then cell cycle was released by FCS addition. FCS-induced cells were collected at the indicated times after FCS addition. Cells were washed with 10 ml of cold phosphate-buffered saline and lysed directly on ice with lysis buffer (10 mℳ Tris/HCl, 150 mℳ NaCl, 1% Triton X-100 (v/v), 0.5% sodium deoxycholate (w/v), 0.1% sodium dodecyl sulfate (w/v) and proteases inhibitors, pH 7.4). Cell lysates were centrifuged (20 000 *g*, 10 min, 4 °C), pellets were discarded and supernatants boiled for 10 min in Laemmli buffer. Proteins were separated by 10% SDS--polyacrylamide gel electrophoresis and electroblotted on a nitrocellulose sheet (GE Healthcare, Orsay, France). Equal loading was verified using Ponceau red staining. Membranes were saturated for 45 min with 5% non-fatty acid milk in (TBS)-Tween buffer (15 mℳ Tris/HCl, 140 mℳ NaCl and 0.05% Tween20 (v/v), pH 8.0). Proteins were immunodetected using the following primary antibodies; OGT: rabbit polyclonal TI14, 1/2000 (Sigma-Aldrich, Saint-Quentin Fallavier, France); α-tubulin: mouse monoclonal B-5-1-2, 1/5000 (Santa Cruz Biotechnology, Heidelberg, Germany); Erk2: D-2, 1/5000 (Santa Cruz Biotechnology); phospho-Erk1/2: rabbit polyclonal, 1/1000 (Cell Signaling, Danvers, MA, USA); phospho-AKT: rabbit polyclonal, 1/1000 (Cell Signaling) and AKT: mouse monoclonal, 1/2000 (Cell Signaling). Membranes were incubated with primary antibodies overnight at 4 °C, washed three times (TBS--Tween, 10 min) and incubated with appropriate horseradish peroxidase-labelled secondary antibodies at a dilution of 1/10 000 for 1 h. After three more washes, detection was performed with enhanced chemiluminescence (GE Healthcare). (**b**) Histograms represent densitometric analyses of western blots (WBs). Results correspond to the mean value ±s.d. of three experiments (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 respectively, NS not significant). (**c**) Starved MCF7 cells were stimulated with FCS with or without the protein synthesis inhibitor cycloheximide (CHX) at a concentration of 15 μg/ml. OGT expression was analyzed by WB and protein loading was verified using alpha-tubulin. (**d**) FCS-starved and 1 h FCS-stimulated MCF7 cells OGT mRNA levels were determined by real-time PCR. Quantitative reverse transcriptase--PCR: Total RNA was reverse transcribed using random primers and MultiScribe reverse transcriptase (Applied Biosystems, Villebon sur Yvette, France). Real-time PCR analysis was performed by Power SYBR Green (Applied Biosystems) in a MX3005P fluorescence temperature cycler (Stratagene, Paris, France) according to the manufacturer\'s instructions. Results were normalized with respect to *RPLP0* RNAs used as internal control. The primers used are as follows: *OGT* sense 5′-TGGCTTCAGGAAGGCTATTG-3′ and antisense 5′-CAAGTCTTTTGGATGTTCATATG-3′, and *RPLP0* sense 5′-GTGATGTGCAGCTGATCAAGA-3′ and antisense 5′-GATGACCAGCCCAAAGGAGA-3′. Results correspond to the mean value ±s.d. of three experiments (NS not significant). Molecular mass markers are indicated at the left.](oncsis201236f1){#fig1}

![Upon cell cycle entry, as OGT content increases, the glycosyltransferase interacts with β-catenin (**a**). MCF7 cells were starved for 48 h and then re-supplemented with FCS for the indicated time periods. Levels of β-catenin, OGT and Erk2 were determined by western blot (WB). Activation of the MAPK pathway was probed using an antiphospho-Erk and cell cycle entry was checked using a mouse monoclonal anticyclin D1 (Santa Cruz Biotechnology) at a final dilution of 1/1000 (left panel). Co-immunoprecipitations using β-catenin or OGT-directed antibodies were performed during the time course experiment to evaluate the interaction between the two partners (right panel). MCF7 cells were washed with 10 ml of cold phosphate-buffered saline and lysed on ice in a lysis buffer containing 20 mℳ Tris/HCl, 150 mℳ NaCl, 0.5% NP-40 (v/v) and a cocktail of proteases inhibitors, pH 8.0. Whole cell extracts were centrifuged at 20 000 *g* for 10 min at 4 °C and supernatants were collected and first precleared with Sepharose-labelled protein A (GE Healthcare) for 1 h. Beads were then discarded and supernatants were incubated with rabbit anti-OGT (DM17 from Sigma) or rabbit anti-β-catenin (H-102 from Santa Cruz Biotechnology) antibodies overnight at 4 °C and then with Sepharose-labelled protein A for 1 h. Beads were gently centrifuged for 1 min and washed four times for 5 min each with the lysis buffer. Controls for immunoprecipitation specificities were performed with non-immune rabbit IgG (Santa Cruz Biotechnology). FCS stimulation of starved cells increases β-catenin transcriptional activity (**b**). Starved MCF7 cells were transfected with β-galactosidase, TOP Flash containing three optimal copies of the TCF/LEF-binding site, FOP Flash containing mutated copies of the TCF/LEF-binding site and β-catenin-2XFlag vector by the Lipofectamine2000 (Invitrogen, Saint-Aubin, France) reagent (2 μl) in six-wells plates with 0.2 μg of DNA for 24 h. Cells were stimulated by FCS for 1 h and TOP/FOP Flash reporter assays were performed. Histogram represents the relative luciferase activity. Results correspond to the mean value ±s.d. of three experiments (\*\*\**P*\<0.001). Addition of FCS to starved cells increases OGT and β-catenin levels and β-catenin O-GlcNAcylation (**c**). HeLa cells were maintained in the same conditions as described for MCF7 cells ([Figure 1](#fig1){ref-type="fig"}). Cells were transfected with pCS2+β-catenin-2XFlag (or the empty vector) in 2.5 ml of optiMEM by the polyethylenimine (PEI, Euromedex) method (10 μl) in 100 mm diameter dishes with 2.5 μg of DNA for 6 h and then incubated for 48 h in 10 ml of fresh complete medium. One day later, cells were FCS-starved and reincubated with FCS for 1 h. The activity of the MAPK pathway was checked by evaluating phosphorylation of Erk. β-catenin was probed using the mouse monoclonal anti-Flag (M2 from Sigma) at a dilution of 1/5000. (left panel). Expression of cyclin D1 was also evaluated. β-catenin was immunopurified using the anti-FLAG antibody and the immunoprecipates were stained either with a mouse monoclonal anti-*O*-GlcNAc antibody (RL2, Ozyme, Saint-Quentin en Yvelines, France) at a dilution of 1/1000 or with the anti-FLAG antibody (right panel). β-catenin is heavily O-GlcNAcylated in exponentially HeLa growing cells (**d**). After transfection with pCS2+β-catenin-2XFlag, HeLa cells were cultured and collected either when in the exponential growth phase or when cell confluence was reached. Cells were cultured either without any drug or with 1 μℳ MG132 (*N*-carbobenzoxyl-Leu-Leu-leucinal, Sigma) or 20 mℳ glucosamine. β-catenin (anti-Flag) expression was measured by WB. Rabbit polyclonal anti-actin (I--19 from Santa Cruz Biotechnology) was used at a dilution of 1/10 000. β-catenin was also immunopurified using the anti-FLAG and immunoprecipates were stained either with anti-*O*-GlcNAc antibody (RL2) or with anti-FLAG antibody (M2). Light microscopy pictures (right) were taken just before cell collection. IP, immunoprecipitation; rIgG, rabbit non-immune immunoglobulin G; AS, asynchronous cells. Molecular mass markers are indicated at the left.](oncsis201236f2){#fig2}

![Inhibiting OGT catalytic activity or interfering with its expression hinders FCS-stimulated cell cycle entry. (**a**) Following FCS starvation, MCF7 cells were incubated with FCS for the indicated time periods with or without the OGT inhibitor Ac-5SGlcNAc at a final concentration of 100 μℳ. Cell lysates were then analyzed by western blot (WB) according to their *O*-GlcNAc and cyclin D1 content. Equal loading was checked by using a rabbit polyclonal anti-GAPDH (Abcam, Paris, France) at a dilution of 1/5000. (**b**) Asynchronous MCF7 cells were reverse-transfected with Lipofectamine RNAiMax (Life Technologies, Carlsbad, CA, USA) according to manufacturer\'s instructions using 10 nℳ small interfering RNA targeting OGT^[@bib25]^ or a control siRNA (MISSION siRNA universal negative control \#1, Sigma). Cell lysates were analyzed by WB according to their cyclin D1, cyclin E, cyclin A, cyclin B1, phospho-Akt, Akt, phospho-Erk1/2, Erk1/2 and tubulin contents. (**c**) MCF7 cells (2 × 10^3^) were cultured in 96-wells plates using Dulbecco\'s modified Eagle\'s medium with or without 100 μℳ Ac-5SGlcNAc over 5 days. Each day, cell growth was determined using the MTS reagent method (Promega, Madison, WI, USA) according to the manufacturer\'s directions at 490 nm (*n*=6). (**d**) Starved MCF7 cells were reverse-transfected with Lipofectamine using siRNA targeting OGT or a control siRNA as described in **b**. 24 h later, cells were FCS-deprived for 48 h and then stimulated for the indicated time periods. Cell lysates were analyzed by WB using anti-OGT, anti-*O*-GlcNAc, anti-β-catenin, anti-phospho-Akt, anti-Akt, anti-phospho-Erk1/2, anti-Erk1/2, anti-cyclin D1 and anti-tubulin antibodies. (**e**) Starved MCF7 cells were stimulated with FCS for the indicated time periods in conjunction with 10 nℳ wortmannin, an inhibitor of the PI3K pathway. Cell lysates were analyzed by WB according to their OGT and cyclin D1 content. Activation or inhibition of the PI3K pathway was assessed using an anti-P-Akt antibody. Equal loading was checked by using an anti-tubulin antibody. (**f**) HEK293T cells were cultured under the same conditions as described for MCF7 and HeLa cells ([Figure 1](#fig1){ref-type="fig"}). Following OGT silencing (see above for details), HEK293T cells were transfected with β-galactosidase, TOP Flash, FOP Flash and β-catenin2-XFlag vector or an empty vector by the Lipofectamine2000 reagent ([Figure 2b](#fig2){ref-type="fig"}) for 24 h to perform TOP/FOP Flash reporter assay. Histogram represents the relative luciferase activity (RLA). Results correspond to the mean value ±s.d. of three experiments (\**P*\<0.05, \*\*\**P*\<0.001, respectively; NS not significant). OGT and β-catenin expression corresponding to the luciferase activity assay were measured by WB. GAPDH was used to attest equal loading.](oncsis201236f3){#fig3}
